This study was aimed to determine the effectiveness of grinding and pre-etching in promotion of adhesion to human intact enamel using the self-etch adhesive (SEA) Adper Easy Bond (3M ESPE). Etch-and-rinse adhesive Adper Single Bond (3M ESPE) served as control. Composite cylinders (AP-X Kuraray) were built and after 24 h micro-shear bond strengths (MSBS) were measured. Bonding interfaces were evaluated under scanning electron microscope (SEM). For evaluation of average roughness (Ra) and morphological analysis, treated enamel surfaces were observed under SEM and confocal laser scanning microscope (CLSM) with 3D surface profiling. Highest bond strengths were obtained by pre-etching and grinding showed a less significant role. Phosphoric acid (PA) etching compare to grinding created significantly rougher surface (Ra: 0.72 and 0.43 µm respectively). Therefore, this study recommends pre-etching the intact enamel prior to application of the adhesive instead of grinding.
INTRODUCTION
Nowadays self-etch adhesives (SEAs) are widely accepted and have become popular mainly because of ease of application and less technique sensitivity 1, 2) . In SEAs separate etching with phosphoric acid has been eliminated from the bonding protocol and the phosphoric acid is incorporated in the adhesive in the form of acidic monomers 3, 4) . Acidic monomers are capable of etching through ionization of the acidic moieties in the presence of water and provide double bonds for polymerization 4, 5) . According to their acidity, SEAs have been classified as mild, moderate and aggressive 1, 5) . In vitro and clinical studies have reported excellent results of mild SEAs for enamel 1, [6] [7] [8] . Several studies have reported lower bonding performance of self-etch adhesives to enamel, specially to intact enamel 1, 9, 10) which can be linked to their relatively lower acidity. Intact enamel is composed of a layer of closely packed hydroxyapatites without any prismatic structure 11) . Such enamel surface layer is more resistant to acid dissolution compare to inner enamel and may act as a barrier in bonding using mild SEAs. Because of their higher pH, they cannot create a well structured and rough bonding surface especially on intact enamel 12) . According to the literature, some SEAs had acceptable bonding results to ground enamel 8, [13] [14] [15] as well as phosphoric acid (PA) pre-etched enamel [16] [17] [18] . Therefore, grinding and PA pre-etching have been suggested as pretreatments prior to application of the self-etch adhesives to enhance higher bond strength; however, so far the effectiveness of each of them has not been compared.
An enamel surface suitable for bonding has been traditionally described by etching pattern and retentive morphology 19) ; however, the enamel surface topography prior to bonding has been quantitatively studied only in a few reports 12, 20) . One way to evaluate the surface quantitatively is non-destructive measurement of surface roughness using confocal microscopy. Confocal laser scanning microscope (CLSM) is an appropriate device for obtaining high-resolution optical images with depth sensitivity and useful for 3D surface profiling of opaque specimens 21) . One aspect of surface profiling can be measuring the surface roughness. Among several parameters for measurement of surface roughness, the average surface roughness (Ra) is more commonly being reported 12, 20) . Therefore, the objective of this study was to evaluate and determine the significance of the two suggested pretreatment, grinding and pre-etching, in promotion of resin bonding to intact enamel by 2D and 3D characterizing the treated bonding surfaces and their respective bond strengths. The null hypothesis stated that there were no differences between effectiveness of grinding and PA pre-etching in promotion of adhesion performance of self-etch Easy Bond to intact enamel.
MATERIALS AND METHODS
The self-etching adhesive examined in this study was Adper Easy Bond (EB, 3M ESPE, St. Paul, MN). In addition, the etch and rinse adhesive system, Adper Single Bond (SB, 3M ESPE, St. Paul, MN) which utilizes 35% PA as a separate conditioning step, has been used as a control. The compositions of the adhesives and their batch numbers are shown in Table 1 .
Pre-etching vs. grinding in promotion of adhesion to intact enamel using self-etch adhesives
Sixty extracted human anterior teeth, of which usage was approved by the Institutional Review Board of Tokyo Medical and Dental University, were used in this study. After extraction the teeth were cleansed with low-speed rotary soft-bristle brush and rinsed with water. Next, they were checked under stereo microscope and teeth with caries, restoration or any abnormal condition were excluded and replaced by sound teeth. The teeth were preserved in 0.1% thymol solution at 4°C.
Micro-shear bond test preparation
Thirty teeth were used for the bond strength test. The mid-labial surfaces of the specimens were considered as bonding surfaces. Since the micro shear bond test requires a small area, each tooth served as two specimens (two resin cylinders on the mid-labial surface of each tooth). Teeth were randomly divided into six groups (four experimental and two control groups). Instructions of the manufacturer were followed throughout the experiment.
In group one Easy Bond was applied on intact enamel without any pretreatment (no grinding and no pre-etching). In group two, the intact enamel surfaces were pre-etched with phosphoric acid for 15 s before application of Easy Bond. In group three, the enamel surfaces were ground with diamond point (Smooth cut AR2, GC, Tokyo, Japan) for 5 s and Easy Bond was applied afterwards. In group four, first the enamel surfaces were ground for 5 s and then pre-etched with phosphoric acid for 15 s prior to easy Bond application. For control-one group, Single Bond has been applied on intact enamel surfaces and for control-two group, Single Bond was applied on 5 s ground enamel surfaces.
After application of the adhesives, just prior to light irradiation, two cylinders of micro-bore Tygon tube (R 3603, Norton Performance Plastic Co., Cleveland, OH, USA) with internal diameter and height of 0.8 mm and 0.5 mm, respectively, were cut, and mounted on the enamel surfaces to restrict the bonding area. The adhesive material was then light-cured for 10 s using a halogen light curing unit (Optilux 501, Kerr Demetron, Dan-bury, CT, USA). Next, the cylinders were filled with a hybrid composite resin (Clearfil AP-X, Kuraray Medical Co., Tokyo, Japan) and irradiated for 40 s. After one hour in room temperature, tubes were cut with sharp blades and resin cylinders remained. After 24 h storage in water at 37°C, the bond strength test was performed in the universal testing machine (EZ-500, Shimadzu Co., Kyoto, Japan) with 1 mm/min crosshead speed.
Morphological study under CLSM and SEM
Other thirty specimens were distributed in six groups. In each group, two specimens were chosen for bonding interface observation and three specimens for evaluation of treated enamel surfaces, 3D profiling and roughness measurement. Preparation and grouping of specimens for bonding interface observation under SEM was similar to bond strength test specimens; however no Tygon tube was used and the composite build-ups were in increments not more than 2 mm. After 24 h storage in water, the specimens were cut with low speed Isomet (Buehler, Lake Bluff, IL, USA), gold sputtered and observed under SEM (JSM-5310LV; JEOL, Tokyo, Japan) at ×2,000 magnification.
For observation of treated enamel surfaces under SEM and evaluation of roughness under CLSM (1LM21W, Lasertec Co., Yokohama, Japan) the same grouping was applied but without light irradiation. Subsequently, the specimens were sonicated in ascending series of ethanol (50, 70, 95% and 100%) and in pure acetone for 5 min each to dissolve the self-etching agent liquid, as well as dehydrating the specimens for SEM observation. Then, the specimens were dried in a glass desicator for 24 h. The prepared specimens were observed under CLSM to obtain the 3D surface profiles and roughness evaluation (average roughness Ra), next, gold For SEM observation, the same samples were used. After viewing the specimens under CLSM, the surfaces were 300 nm gold sputtered (Elionix Quick Auto Coater, Tokyo, Japan), and viewed under SEM (JEOL 5310, Tokyo, Japan).
Statistical analysis
To determine the statistical differences among mean Ra values and mean bond strengths of different groups one-way ANOVA and Scheffe's post hoc test was performed. All tests were performed at a significance level of =0.05 using SPSS 16.0 software (SPSS Inc. IL, Chicago, USA).
RESULTS
The mean values of micro-shear bond strengths with their standard deviations are shown in Table 2 and Fig.  1 . Pre-etching prior to Easy Bond resulted in highest bond strengths, regardless of grinding parameter.
The mean Ra values and their standard deviations are shown in Table 3 and Fig. 2 . All the groups showed significant difference. Easy bond only two times increased the Ra, and PA etching increased the Ra up to twelve times on intact enamel and 14 times on ground enamel. Figure 3 shows the SEM micrographs of etched enamel surfaces in different conditions. Easy Bond showed minimal etching effect (Fig.3A) . Grinding created irregular rough bonding surface (Fig. 3B and Fig. 5C ) but PA etching exposed the prismatic structure of the enamel and created uniform, rough and porous bonding substrate (Figs. 3 C, D and Figs. 5D, E) . Application of PA on ground enamel showed deeper interprismatic spaces ( Fig. 3D and Fig. 5E ).
In the SEM images of the bonding interfaces (Fig. 4) , it can be observed that there is not sufficient resin-enamel integration provided by application of Easy Bond on intact and ground enamel (Figs. 3A, B) . On the other Table 3 Average roughness (Ra) values of treated enamel surfaces at ×2,500 magnifications (Fig. 5A) . Application of Easy Bond altered the surface structure minimally. Grinding and PA created different substrates in terms of porosity and roughness. PA acid etching created very similar patterns on intact and ground enamel surfaces. However, etching the ground enamel surface showed more retentive and more rougher surface (Fig. 5D ).
DISCUSSION
The focus of this study was to determine and compare the effectiveness of mechanical grinding and PA pre-etching in enhancement of higher bond strength of a one-step self-etch adhesive to intact human enamel. In order to evaluate how grinding and pre-etching affect the enamel surface we measured the changes in the roughness after each treatment under confocal laser scanning microscopy with 3D surface profiling. For morphological analysis, the enamel surfaces after grinding and pre-etching were observed under SEM and CLSM and finally in order to evaluate the resin-enamel integration, the bonding interfaces were observed under SEM.
In this study, in agreement with previous studies, the one-step self-etch adhesive could not create high bond strength to the intact enamel 1, 22, 23) . Self-etch adhesives contain acidic monomers and they bond to enamel primarily through diffusion and penetration of their acidic monomers into intercrystallite spaces of enamel 24) . However, the surface of intact enamel is composed of a very dense layer of hydroxyapatite crystals without any intercrystallite spaces 11, 25) , which can be a possible explanation for less effective bonding of mild self-etch adhesives such as Easy Bond to intact enamel. In addition to such characteristic of the intact enamel, the higher pH and lower acidic capacity of the self etch adhesives may be other reason for their lower bond strength to intact enamel 1, 10, 22) . The bond strength results of this study showed that grinding and pre-etching prior to application of Easy Bond, both increased the bond strengths. However, pre-etching enhanced much higher bond strengths. Other studies have also suggested to grind or/and PA etch the bonding surface prior to application of self-etch adhesives to enhance higher bond strength to intact enamel 10, 17) . Phosphoric acid has high acidic capacity (pH<1), and readily dissolves the hydroxyapatite minerals on enamel surface and creates a porous and retentive structure 26, 27) . On the other hand, mechanical grinding only roughens the surface without creating a porous substrate. It should be emphasized that roughness only refers to the irregularities on the surface but porosity is a measure of void spaces in the material. Infiltration of the low-viscous resin material into such porous substrate is the rationale for micro-mechanical retention 28) . Our SEM images of the bonding interfaces also demonstrated more resin-enamel integration after PA etching compare to grinding. The results agree to this explanation and highest bond strength was achieved with PA pre-etching. Roughness evaluation showed pre-etching created rougher surface compare to grinding. 3D profiles and SEM images also demonstrated the pre-etched enamel more retentive and more structured compare to ground enamel. However, it is reported that no correlation exists between roughness and bond strength 20) . Similar to other studies, Single Bond, an etch and rinse adhesive, showed high bond strength to both intact and ground enamel 6, 9, 22, 29, 30) . However, significantly higher bond strengths were obtained by using Easy Bond with prior PA etching, regardless of grinding parameter ( Table 2 ; Fig. 1 ). Perhaps, nano-retentive interlocking between enamel crystallites and resin as well as chemical interaction between acidic monomers and hydroxyapatites in addition to the micro-mechanical interlocking between resin and porous etched enamel is the possible explanation for such results 24, [31] [32] [33] . Hashimoto et al. also reported a thin hybridized complex of resin in enamel produced by self-etching primers without the usual micrometer-sized resin tags seen in resin-enamel bonds produced using the etch and rinse adhesives 13) . Morphological analysis showed that mild Easy Bond (pH=2.4) 3, 4) , could minimally etch enamel surface (Fig.  3A) and Ra measurements showed two times increase in roughness compare to intact enamel. Grinding seven times increased the Ra, however, the SEM image (Fig.  3B ) and the 3D profile (Fig. 5C ) demonstrated more irregular but less rough and porous surfaces after grinding compare to PA etched surfaces (Fig. 5D) . Etching the intact enamel twelve times and etching the ground enamel 14 times increased the Ra (significantly different), but the bond strength did not show any significant difference. Other studies also reported no/ weak correlation between bonding surface roughness and bond strength 12, 20) . Barkmeier et al. after extending the application time of the self-etch adhesives on enamel, observed increase in roughness value but not in bond strength 12) . Perdigao et al. have also reported that doubling the enamel conditioning time might increase bond strengths for specific self-etch adhesives 34) . Therefore, it has been suggested that in addition to roughness and surface texture, other factors like pH, formulation of the acidic monomer and cohesive strength of adhesive layer influence the bonding 1, 34) . During our pilot study, we measured the average roughness in different magnifications (×500 and ×2,500). In low magnification, the Ra was measured at larger scale (150×200 µm) and at high magnification; the Ra was measured at smaller scale (30×40 µm). Some specimens showed no difference in Ra values at two scales but some showed significant difference. We found that it was related to the homogeneity of the surfaces. As a matter of fact, different locations of a homogenous surface show a similar Ra; however, different locations of a heterogeneous and irregular surface might show different Ra values. Ground enamel showed highest Ra at larger scale (Ra: 1.2 µm), but not at smaller scale (Ra: 0.4 µm). On the other hand, PA etched enamel surfaces, showed almost similar Ra values (Ra: 0.7-0.8 µm) at both scales which indicates that PA etching can provide a very uniform retentive bonding substrate which might enhance a high bond strength 10, 16, 17, 29, 35) . Since the bonding interaction takes place locally by diffusion of acidic monomers into enamel prisms and inter-prismatic spaces, it may be inferred that only smaller scale Ra represents the roughness which probably affect the bonding. Therefore, the Ra values presented in this study are all taken at smaller scale.
The common methods to evaluate the bond strengths are tensile and shear tests or their modifications as micro-tensile and micro-shear tests 6, 23, 36) . However, it has been argued that dental adhesives have time-dependent viscoelastic behaviors which cannot be recognized by bond strength tests 37) . Easy Bond contains fillers which may reinforce the bonding interface and decrease the stresses during polymerization 30) . Inclusion of filler in the adhesive increases the cohesive strength of the adhesive itself, reduces the creep compliance 37) which may have role in fracture resistance at adhesive interfaces 38) . Easy Bond demonstrated 10-15 µm thick adhesive layers (Figs. 4A , B, C and D) in contrast to Single Bond which demonstrated 1-2 µm thick adhesive layers (Figs. 4E and F). However, the relationship between adhesive thickness and bond strengths has been shown to be inconsistent 39) . In Figs. 4A and B, gaps were detected between enamel and resin which indicates low magnitudes of bond strengths that could not withstand the vacuum pressure within the SEM chamber. Such gaps were observed in neither pre-etched groups nor control groups. This observation also confirms the more effectiveness of pre-etching or grinding.
It can be concluded that pre-etching can provide a more retentive bonding substrate and more uniform resin-enamel bonding interface. Therefore, in clinical situations such as labial veneers or diastema closures, where the bonding substrates are intact enamel surfaces, pre-etching prior to application of the self-etch adhesive can provide an effective bonding and grinding the surface may not be necessary.
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